INTRODUCTION {#s1}
============

Several food-contaminating mycotoxins including aflatoxins and ochratoxins have been identified by the International Agency for Research in Cancer (IARC) as harmful carcinogens that potently promote tumor development in several organs including the liver and kidney of mammals \[[@R1], [@R2]\]. Among the carcinogenic mycotoxins, aflatoxin B1 (AFB~1~) has been regarded as a representative orally ingested carcinogen in humans, and is thus classified as a Group 1 carcinogen by the IARC \[[@R3], [@R4]\]. AFB~1~ mainly produced by the fungi *Aspergillus flavus* and *Aspergillus parasiticus* is highly bioaccumulative due to the formation of DNA adducts \[[@R5]\], and chronic exposure to lower levels of AFB~1~ is a major risk factor for human hepatocellular carcinoma (HCC) \[[@R6]\]. AFB~1~ can be metabolically converted into a mutagenic reactive exposide by cytochrome p450 mono-oxygenases, and induces the transversion of G to T within codon 249 of the tumor suppressor *p53* gene \[[@R7]\]. Moreover, AFB~1~ exposure and hepatitis B virus infection are associated with synergistic point mutations in the human *p53* gene \[[@R8]\].

Ochratoxin A (OTA) produced by *Aspergillus* and *Penicillium* fungi has been classified as a possible human carcinogen (Group 2B) by the IARC \[[@R9], [@R10]\]. The major target organ of OTA toxicity in experimental animals is the kidney, and endemic nephropathies affecting livestock as well as humans have been associated with OTA exposure \[[@R11]\]. In addition to nephrotoxicity, acute exposure to OTA can trigger apoptosis in various organs and tissues including the liver \[[@R12]\], gastrointestinal tract \[[@R13]\], and lymphoid tissues \[[@R14]\], thereby accounting for the multi-organ toxicity of this mycotoxin. In terms of carcinogenesis, OTA can be genotoxic following oxidative metabolism via direct (guanine-specific covalent DNA adduction) or indirect (reactive oxygen species-induced DNA damage) mechanisms of action \[[@R15], [@R16]\].

In response to DNA damages by mutagens, p53 is the first identified and best known tumor suppressor that controls cell cycle checkpoints and mediators of apoptosis \[[@R17]\]. Cells with functional p53 are arrested in the G~1~ or G~2~ phase in response to DNA damage. This is thought to allow damaged DNA to be repaired before proceeding to the next phase of the cell cycle \[[@R18]\]. Therefore, p53 protects cells from injury-induced genome instability by suppressing the proliferation of damaged cells \[[@R19]\]. Moreover, activated p53 serves as a critical fail-safe factor that prevents the expansion of potential cancer clones. Thus, the abolishment of p53 function by a mutation appears to be a highly selective event in the evolution of cancer \[[@R20], [@R21]\].

As an important negative regulator of the p53 tumor suppressor, murine double minute 2 homolog (Mdm2) controls p53 through two negative feedback modes. First, Mdm2 binds to the transactivation domain of p53 and prevents it from serving as a transcriptional activator. Second, Mdm2 as an E3 ubiquitin ligase mediates the proteasome-mediated degradation of p53 protein \[[@R22]\]. Functionally, Mdm2 overexpression is associated with formation of tumors with a higher degree of invasiveness, more advanced stages, greater metastatic potentiality, and resistance to chemotherapeutic agents as well as radiation \[[@R23]\]. In particular, Mdm2 interplays with p53 to ensure that cells are able to respond rapidly and appropriately to a wide range of genotoxic stresses, and interaction between these two factors has been identified as a predictive biomarker of carcinogenesis \[[@R24], [@R25]\].

The coexistence of many mycotoxins in environmental samples has been reported worldwide \[[@R26], [@R27]\]. For instance, 38% of the samples tested in the recent worldwide analysis of grain-based materials were found to be co-contaminated with more than two mycotoxins \[[@R27]\]. Although the majority of samples can comply with the most stringent guidance values, the combined toxic effects of multiple mycotoxins warrant consideration in humans. In responsive to mycotoxins, the gut epithelium acts as a barrier that senses early external insults from contaminated food-derived matrices and transmits sentinel signals to cells. Subsequently, a broad range of mucosal responses such as epithelial inflammatory diseases and carcinogenesis are initiated \[[@R28], [@R29]\].

Using an enterocyte-based reporter system, our laboratory has developed *in vitro* methods designed to identify mycotoxins associated with specific biological actions or gene regulation patterns \[[@R30], [@R31]\]. Based on the assumption that genotoxic mycotoxins may lead to oncogenic stimulation via p53, the present study was conducted to assess p53-promoted oncogenic Mdm2 expression in intestinal cancer cells. In particular, the combined actions of the two mycotoxins, aflatoxin B1 and ochratoxin A, were also evaluated in terms of p53-linked cell homeostasis including cell cycles and growth regulation.

RESULTS {#s2}
=======

Antagonistic action of OTA against AFB~1~--induced p53 and Mdm2 expression {#s2_1}
--------------------------------------------------------------------------

Based on the assumption that genotoxic stress induces DNA damage via p53-linked pathways, p53-promoted Mdm2 expression was monitored in human intestinal cancer cells exposed to the genotoxic mycotoxins. We constructed a proto-oncogene Mdm2 promoter-linked SEAP reporter plasmid (pMdm2-SEAP4.14h) that was used to stably transfect HCT-8 human intestinal cancer cells (Figure [1A](#F1){ref-type="fig"}). HCT-8 cells serve as a model for diverse mucosal diseases \[[@R32], [@R33]\]. Moreover, the proximal part of the gastrointestinal tract from which HCT-8 cells are derived is the first target organ of exposure to the majority of ingested mycotoxins \[[@R34], [@R35]\]. In response to AFB~1~ treatment, Mdm2 promoter activity was increased in a dose-dependent manner (Figure [1B](#F1){ref-type="fig"}). In contrast, the treatment with OTA decreased Mdm2 transcriptional activity in both the presence and absence of AFB~1~ (Figure [1B](#F1){ref-type="fig"}), demonstrating the negative regulatory action of OTA against Mdm2 production. Moreover, OTA treatment suppressed AFB~1~-induced Mdm2 mRNA in HCT-8 cells (Figure [1C](#F1){ref-type="fig"}).

![Effects of carcinogenic mycotoxins on Mdm2 and p53 expression in human intestinal cancer cells\
**A.** Map of the pMdm2-SEAP4.14h vector. **B.** HCT-8 intestinal cancer cells stably transfected with pMdm2-SEAP4.14h were treated with different combinations of two mycotoxin (AFB~1~ and OTA) for 24 h. SEAP activity in the culture medium was assessed. An asterisk (\*) indicates a significant difference compared to each control group treated with vehicle (DMSO) alone (*p* \< 0.05). **C.** HCT-8 cells were treated with AFB~1~ (10 μM), OTA (10 μM), or a combination of the two compounds for 24 h. mRNA expression of each gene was measured using real-time PCR. Different letters over the bars representing the standard deviation indicate significant differences between the two groups according to unpaired matched comparisons (*p* \< 0.05). **D.** HCT-8 cells were treated with different concentrations of AFB~1~ in the presence or absence of OTA for 18 h. Total cell lysates were subjected to Western blot analysis. **E.** HCT-8 cells were treated with various concentrations of OTA in the presence or absence of AFB~1~. Total cell lysates were subjected to Western blot analysis. **F.** HCT-8 cells were treated with AFB~1~ (10 μM), OTA (10 μM), or a combination of the two compounds for 48 h. AFB~1~-DNA adducts were detected in the genomic DNA of HCT-8 cells exposed to the mycotoxins using an immunodot-blot assay. The lower graph presents the relative quantitative analysis data of the dot blot. Different letters over the bars representing the standard deviation indicate significant differences between the two groups according to unpaired matched comparisons (*p* \< 0.05).](oncotarget-07-39627-g001){#F1}

As a potent upstream signaling mediator of Mdm2 expression, the production of p53 was also assessed in presence of the oncogenic mycotoxins. Treatment with AFB~1~ alone increased p53 protein expression in a dose-dependent manner; this was suppressed by co-treatment with OTA (Figure [1D](#F1){ref-type="fig"}). Although treatment with OTA alone marginally enhanced p53 protein generation, AFB~1~-induced p53 expression was suppressed by OTA in a dose-dependent manner (Figure [1E](#F1){ref-type="fig"}), suggesting that the reduction of Mdm2 expression by OTA may be due to decreased induction of p53 protein production. Additionally, we also assessed aflatoxin-DNA adduct formation, a signature of aflatoxin-induced molecular imprinting, based on the assumption that OTA may antagonize the actions of AFB~1~. AFB~1~ administration increased aflatoxin-DNA adduct formation that was attenuated by co-treatment with OTA (Figure [1F](#F1){ref-type="fig"}). Our finding demonstrated that OTA antagonized the binding of AFB~1~ to target DNA molecules. Taken together, these results indicated that OTA interfered with molecular events triggered by AFB~1~ including the induction of Mdm2 and p53 expression as well as DNA-adduct formation.

Antagonistic effects of AFB~1~ and OTA on S phase regulation {#s2_2}
------------------------------------------------------------

As representative functions affected by p53 and Mdm2, the cell death or cell cycle were measured in cells treated with the genotoxic mycotoxins such as AFB~1~ and OTA. Although AFB~1~ (0 − 10 μM) had marginal effects on the induction of apoptosis, a high dose (10 μM) of OTA increased the ratio of cells in the sub-G~0/1~ phase (Figure [2A](#F2){ref-type="fig"}). In terms of cell cycle, the arrest in the S phase was significantly promoted by AFB~1~ treatment. This effect was attenuated by the presence of OTA (Figure [2B](#F2){ref-type="fig"}). Moreover, AFB~1~ induced the expression of cell cycle mediators including cyclin-dependent kinase-inhibitor p21^WAF1/CIP1^ (p21), cyclin D1, and cyclin E1. Generation of these factors was almost completely decreased by co-treatment with OTA (Figure [2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}).

![Effects of carcinogenic mycotoxins on the cell cycle in human intestinal epithelial cells\
HCT-8 cells were treated with different concentrations of AFB~1~ in the presence or absence of OTA (10 μM) for 24 h, and the cells were stained with PI for FACS analysis. **A.** The ratio of cells in the sub-G~1/0~ phase. **B.** The ratio of cells in the S phase. An asterisk (\*) indicates a significant difference compared to the control group treated with DMSO alone (*p* \< 0.05). A hatch mark (\#) indicates a significant difference compared to the group treated with AFB~1~ alone (*p* \< 0.05). **C.** HCT-8 cells were treated with AFB~1~ (10 μM), OTA (10 μM), or a combination of the two reagents for 24 h. mRNA expression of each gene was measured using real-time PCR. **D.** HCT-8 cells were treated with various concentrations of OTA in the presence or absence of AFB~1~. Total cell lysates were subjected to Western blot analysis.](oncotarget-07-39627-g002){#F2}

To determine whether AFB~1~-induced S phase arrest was mediated by p53, the effects of suppressed p53 expression on cell cycle progression was assessed. Genetic ablation of p53 partially decreased AFB~1~-induced S phase arrest (Figure [3A](#F3){ref-type="fig"}). Similar effects were observed in cells in which p53 expression was abolished with shRNA (Figure [3B](#F3){ref-type="fig"}). Although p53 deficiency completely suppressed p53-promoted p21 protein, a well-known mediator of cell cycle arrest (Figure [3C](#F3){ref-type="fig"}), there is also a possibility that treatment with AFB~1~ led to p53-independent S phase arrest. Taken together, these findings indicate that AFB~1~ induced S phase arrest partly due to increased p53 expression that was prevented by co-treatment with OTA.

![Roles of p53 protein in AFB1-induced S phase arrest\
**A.** Wild-type or p53^−/−^ HCT-116 cells were treated with DMSO or AFB~1~ (10 μM) for 24 h. The cells were then stained with PI for FACS analysis. **B.** HCT-8 cells transfected with an empty vector or one encoding p53-specific shRNA were treated with AFB~1~ (10 μM) for 24 h, and stained with PI for FACS analysis. An asterisk (\*) indicates a significant difference compared to the control wild-type HCT-116 cells (*p* \< 0.05). A hatch mark (\#) indicates a significant difference relative to wild-type HCT-116 cells treated with AFB~1~ (*p* \< 0.05). **C.** Wild-type or p53^−/−^ HCT-116 cells were treated with different concentrations of AFB~1~ for 24 h. Total cell lysates were subjected to Western blot analysis.](oncotarget-07-39627-g003){#F3}

Depletion of CYP3A5 increased AFB~1~-induced DNA adduct {#s2_3}
-------------------------------------------------------

CYP3A is the most abundant cytochrome P450 subfamily expressed in the small intestine, with an average (or median) specific content from 50 to 70% of spectrally determined total cytochrome P450 content \[[@R36], [@R37]\]. CYP3A4 and CYP3A5 are the major isoforms expressed in mucosal villus epithelium of the adult small intestine. In the present study, CYP3A mRNA expression was measured in genotoxic mycotoxin-treated HCT-8 cells. Relative amounts of mRNA expression of CYP3A5 was much higher than those of CYP3A4 mRNA in HCT-8 human intestinal cancer cells that originates from ilocecum (Figure [4A](#F4){ref-type="fig"}). This is consistent with the previous report that intestinal CYP3A4 content gradually decreases from duodenum to jejunum and ileum \[[@R37]\]. HT-29 colorectal adenocarcinoma cells also showed higher expression of CYP3A5 than that of CYP3A4 (Figure [4B](#F4){ref-type="fig"}). However, OTA treatment increased CYP3A4 mRNA expression, but decreased CYP3A5 mRNA expression in both intestinal cancer cells. By contrast to the impacts of OTA, AFB~1~ led to marginal changes of expression of CYP3A4 whereas it had partially suppressive effects on CYP3A5 mRNA expression in both intestinal cancer cells. Although CYP3A is reported to have a relatively low affinity for AFB~1~ epoxidation, it is primarily involved in AFB~1~ detoxification through formation of less mutagenic AFQ~1~ in mucosa \[[@R38]\]. On an assumption that CYP3A-mediated metabolic inactivation attenuate the genotoxicity of AFB~1~, we assessed the effects of the CYP3A deficiency on AFB~1~-mediated cell cycle arrest. Genetic ablation of CYP3A5 significantly increased the S phase arrest in enterocytes exposed to AFB~1~ (Figure [5A](#F5){ref-type="fig"}) whereas CYP3A4 had little effects on cell cycle (Figure [5B](#F5){ref-type="fig"}). Moreover, CYP3A5 deficiency increased the AFB~1~-DNA adduct formation as another readout of genotoxicity, supporting the protective action of CYP3A5 against gut aflatoxicosis (Figure [5C](#F5){ref-type="fig"}). Consequently, increased genotoxicity by CYP3A5 deficiency led to more cellular arrest in the S phase with elevated p53 levels in the AFB~1~-exposed enterocytes (Figure [5A](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}). Taken together, all of results indicate that CYP3A5 is mainly detoxification gene on AFB~1~ in human intestinal epithelial cells. In addition, although CYP3A5 expression is reduced by OTA treatment, OTA enhanced CYP3A4 which would account for suppressed AFB~1~-DNA adduct formation in presence of OTA (Figure [1F](#F1){ref-type="fig"}).

![Effects of OTA and AFB1 on intestinal CYP3A\
**A.** and **B.** HCT-8 (A) or HT-29 (B) cells were treated with 10 mM AFB~1~, 10 mM OTA or their combination for 24 h. mRNA expression of each gene was measured using real-time PCR. Different letters over each bar represent significant differences between groups (p \< 0.05).](oncotarget-07-39627-g004){#F4}

![Roles of CYP3A5 gene depletion in S phase arrest and AFB1-DNA adduct in human intestinal epithelial cells\
**A--B.** HCT-8 cells stably-transfected withempty vector (con) or plasmid for CYP3A4/5 shRNA (shCYP3A5/4) were treated with DMSO or 10 mM AFB~1~ for 24 h. Cells were analyzed for cell cycle according to PI staining followed by FACS analysis. Figures in the box indicate CYP3A5 expression in the stable cell lines. **C.** HCT-8 cells stably-transfected withempty vector or shCYP3A5 were treated with DMSO or 10 mM AFB~1~ for 72 h. AFB~1~ DNA adduct (6A10) were detected using immunodot-blot assay. DNA adduct measured by multi gauge software (bottom panel), respectively. **D.** HCT-8 cells stably-transfected withempty vector or shCYP3A5 were treated with DMSO or 10 mM AFB~1~ for 24 h. Total cell lysates were subjected to Western blot analysis. An asterisk (\*) indicates a significant difference compared to AFB~1~-treated, an empty vector-transfected HCT-116 cells (*p* \< 0.05).](oncotarget-07-39627-g005){#F5}

Two different regulatory modes including OTA-induced apoptosis and AFB~1~-induced S phase arrest account for decreases in cell proliferation in response to the genotoxic mycotoxins. As expected, single treatment with AFB~1~ or OTA suppressed cellular proliferation (Figure [6A](#F6){ref-type="fig"}). From the degree of suppression of cell proliferation for the single mycotoxin treatment, the arithmetically-expected levels of proliferation in the presence of both mycotoxins were calculated (Figure [6A](#F6){ref-type="fig"}). However, the measured levels of experimental proliferation of cells exposed to the mixed mycotoxins were much higher than those expected arithmetic levels, demonstrating the antagonistic interaction between OTA and AFB~1~ on the growth inhibition of intestinal cancer cells.

![Effects of carcinogenic mycotoxins (AFB1, OTA, or the two in combination) on cell proliferation and putative scheme of growth regulation\
**A.** HCT-8 cells were treated with AFB~1~ (10 μM), OTA (10 μM), or a combination of the two compounds for different periods of time. Cell survival was quantified and arithmetically expected growth rates were also calculated for cells exposed to AFB~1~ or OTA. An asterisk (\*) indicates a significant difference compared to the arithmetically expected values at each time point (*p* \< 0.05). **B.** A putative scheme for the antagonistic regulation of cancer cell growth in response to the genotoxic mycotoxin mixture.](oncotarget-07-39627-g006){#F6}

DISCUSSION {#s3}
==========

Cells exposed to carcinogens such as OTA underwent apoptosis which would contribute to the removal of mutated cells in the body. Moreover, treatment with AFB~1~ induced p53 protein expression that was partly associated with S phase arrest which provides times for DNA repair. These growth retardation responses to carcinogenic mycotoxins represent a cellular defense that maintains chromosomal and cellular integrity (Figure [6B](#F6){ref-type="fig"}). However, OTA treatment antagonized AFB~1~-induced homeostasis response to genotoxic stress. OTA attenuated AFB~1~-triggered cellular arrest, which allow more mutated cells to keep proliferating without falling into cellular arrest required for DNA repair. In detail, co-treatment with these two carcinogenic mycotoxins enhanced epithelial CYP3A4 although epithelial CYP3A5 was decreased by both mycotoxins, resulting in more chance of CYP3A4-mediated metabolic inactivation of AFB~1~ and subsequently reduced formation of AFB~1~-DNA adduct in the cells. As a result, OTA reduced AFB~1~-mediated DNA damages, leading to attenuation of p53-mediated cell cycle checking responses to the mutagens. Therefore, co-treatment with these two carcinogenic mycotoxins poses a greater risk of transformed tumor cell survival due to the disruption of checking responses to mutagens. Mechanistically, this is partly due to decreased levels of tumor suppressor p53, and subsequent enhanced survival and growth of mutated transformed cells without cell cycle retardation (Figure [6B](#F6){ref-type="fig"}).

Although OTA attenuates AFB~1~-induced cell cycle arrest via suppression of p53, it is also possible that OTA can alter p53-independent cell cycle arrest in AFB~1~-exposed cells. Suppression of tumor formation can be associated with p53-independent cell cycle arrest as well \[[@R39], [@R40]\]. Although p21, a downstream target of p53-mediated transcription, mediates growth arrest, cellular senescence, and terminal differentiation, p53-independent p21 expression and cell cycle arrest have also been observed \[[@R40], [@R41]\]. For instance, cell cycle arrest can be mediated by enhanced stabilization of p21 mRNA via protein kinase C \[[@R41]\] or enhanced transcription by release of the p21 promoter from c-Myc-mediated repression \[[@R39]\]. In the present study, AFB~1~-induced p53 production partly contributed to the up-regulation of p21 expression, but it was completely suppressed by OTA treatment. Therefore, p53-independent regulation of p21 expression is also expected to influence cell cycle arrest in response to genotoxic mycotoxins.

p53-dependent responses to DNA damage represent a strong mechanism that protects cells against the accumulation of deleterious mutations \[[@R42], [@R43]\]. Bypassing p53 activation-linked cellular pathways can therefore make cells susceptible to defective DNA damage and greater genotoxicity. In the present study, AFB~1~-exposed intestinal cancer cells did not undergo G~1~ or G~2~/M arrest despite the expression of wild-type p53. However, S phase arrest occurred partly via a p53-linked pathway. Moreover, co-treatment with OTA and AFB~1~ completely suppressed AFB~1~-induced S phase arrest, strongly implying that more mutated cells can survive genotoxic insults by evading p53-dependent or -independent cell cycle arrest.

A recent study has shown that hepatic cancer cells exposed to AFB~1~ (less than 5 mM) do not develop efficient DNA damage checkpoint responses. This is most likely due to delayed and deficient p53 phosphorylation \[[@R44]\]. Less than 5 mM AFB~1~ does not seem to be sufficient for efficiently inducing a checkpoint response. Cancer cells used in the present study exposed to more than 5 mM AFB~1~ underwent S phase arrest, but these levels of the mycotoxin are far beyond doses (0.015--1 ppm) associated with carcinogenesis in humans and murine models \[[@R45], [@R46]\]. However, relatively high levels of aflatoxins may exist in the gut luminal environment since the intestinal epithelium is exposed to the entire content of contaminated food \[[@R34]\]. Similar to our study, another investigation also showed that higher doses of AFB~1~ can cause cell cycle arrest \[[@R47]\]. Although AFB~1~ can inhibit the cell cycle and cause S phase arrest, co-treatment with OTA interferes with cell checkpoint regulation and may protect cells against the accumulation of deleterious mutations. Taken together, findings from the present study demonstrate that interference with molecular and cellular checkpoints through the antagonistic activity might allow more mutated cells to withstand co-treatment with two genotoxic mycotoxins, thus increasing the risk of carcinogenesis in humans. Further systematic *in vivo* observations are warranted to more precisely assess the effects of simultaneous exposure to multiple toxins.

Small intestinal CYP has been postulated to be the principal molecule of initial biotransformation of ingested xenobiotics \[[@R48]\]. Among several CYPs expressed in the small intestine, CYP3A is the predominant component, as it is in the liver. Within the small intestine, the duodenum shows the highest expression of CYP3A by northern blot analysis \[[@R49]\]. In previous study, CYP3A4 is reported to have a relatively low affinity for AFB~1~ ep-oxidation, but is primarily involved in AFB~1~ detoxification through AFQ~1~ formation \[[@R38]\]. The present observations show that OTA increased CYP3A4 mRNA expression whereas its basal levels were low, accounting for decreased formation of AFB~1~-DNA adducts. Although intestinal CYP3A4 is robustly induced by OTA treatment, hepatocytes such as HepG2 cells in the present study didn\'t show OTA-induced CYP3A4 (data not shown), suggesting tissue specific regulation of CYP3A4 by OTA. In spite of CYP3A5 suppressed by OTA or AFB~1~, enhanced CYP3A4 played critical roles in attenuating AFB~1~-induced mutagenesis, leading to less p53 expression. Basal levels of CYP3A5 are much higher than those of CYP3A4 in HCT-8 enterocytes, and thus CYP3A5 contributed to the detoxification of AFB~1~ to some extent in absence of OTA. However, although OTA can decrease the mutagenicity risks of AFB~1~ in enterocytes, OTA itself is another threatening mutagen during gut exposure to the mixture of two genotoxic mycotoxins.

In conclusion, simultaneous exposure to AFB~1~ and OTA lessened the toxic effects of AFB~1~, probably due to metabolic action by CYP3A4. Ultimately, less formation of AFB~1~-DNA adduct led to less p53 expression and subsequently reduced S phase arrest. Although AFB~1~-induced mutation was reduced, the transformed cells had less chance of cell cycle arrest crucial for DNA repair and chromosomal integrity. From the point of view of risk assessment, these findings provide additional information on the co-exposure to two different genotoxic mycotoxins and the mechanism-based evaluation of the mycotoxin interaction. Moreover, the regulatory limits need to be carefully re-assessed, considering the co-exposure and their cross-talking outcome of toxicity.

MATERIALS AND METHODS {#s4}
=====================

Cell culture conditions and materials {#s4_1}
-------------------------------------

HCT-116, a human colon cancer cell line and isogenic HCT-116 p53(−/−) cell lines were authenticated and kindly provided by Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA) in 2010. HCT-8 and HT29 cells were authenticated by American Type Culture Collection (ATCC) (Manassas, VA, USA) and purchased from ATCC in 2014. The cells were maintained in RPMI medium (Welgene, Daegu, South Korea) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Welgene), 50 units/mL penicillin (Welgene), and 50 mg/mL streptomycin (Welgene) in a 5% CO~2~ humidified incubator at 37°C. Cell number and viability were assessed with a standard trypan blue exclusion assay (Sigma-Aldrich, St. Louis, MO, USA). AFB~1~ (≥98% pure according to HPLC, Sigma-Aldrich) was isolated from *Aspergillus flavus*. OTA (≥98% pure) was isolated from *Petromyces albertensis* (Sigma-Aldrich). The p53 shRNA in IMG-803 vector was purchased from IMGENEX (IMGENEX, San Diego, CA, USA).

Reporter-expressing enterocyte cells {#s4_2}
------------------------------------

A secretory alkaline phosphatase (SEAP) reporter vector (pSEAP4.14h) was constructed by replacing the *luciferase* gene from the pGL4.14-hygo vector (Promega, Madison, WI, USA) with the *SEAP* gene. The Mdm2 promoter (+580 − +934) in the pGL2-luc vector, kindly provided by Dr. Jill Bargonetti (Hunter College, New York, NY, USA), was cloned into the pSEAP4.14h vector at the *XhoI* and *BglII* sites to produce the pMdm2-SEAP4.14h vector. To create pMdm2-SEAP4.14h-transfected stable cell line, HCT-8 cells were transfected using OmicsFect (Omicsbio, Taipei City, Taiwan) according to the manufacturer\'s protocol. The stably transfected clones were selected with complete medium containing 400 μg/mL hygromycin B (Invitrogen, Carlsbad, CA, USA). The selected clones were maintained in complete medium supplemented with 200 μg/mL of hygromycin B.

SEAP assay {#s4_3}
----------

Transfected HCT-8 cells were seeded in a 24-well plate at a density 5 × 10^4^ cells/well and then treated with mycotoxins for 24 h at 37°C. The culture medium was collected (400 μL) and heated at 65°C for 5 min. Next, 100 μL of the heated medium was mixed with 100 μL of 2x SEAP assay buffer (2 M diethanolamine, 1 mM MgCl~2~, and 20 mM 1-homoarginine). The mixture was incubated at 37°C for 10 min and the reaction was terminated by adding 20 μL of 120 mM p-nitrophenylphosphate dissolved in 1x SEAP assay buffer. The final mixture was further incubated at 37°C for 15 h in the dark. Absorbance of the reaction mixture was measured at 405 nm with an enzyme-linked immunosorbent assay (ELISA) reader (Molecular Devices, Sunnyvale, CA, USA).

Western blot analysis {#s4_4}
---------------------

Protein expression levels were compared by a Western blot analysis. Cells were washed with ice-cold phosphate buffer, lysed in boiling lysis buffer (1% \[w/v\] SDS, 1.0 mM sodium orthovanadate, and 10 mM Tris \[pH 7.4\]) and sonicated for 5 s. Proteins in the lysates were quantified using a BCA protein assay kit (Pierce, Rockford, IL, USA). Fifty mg of protein were separated by Bio-Rad mini gel electrophoresis (Bio-Rad, Hercules, CA, USA). The proteins were transferred onto PVDF membranes (Pall Corporation, New York, NY, USA). The blots were blocked for 1 h with 5% skimmed milk in Tris-buffered saline plus 0.1% Tween (TBST). Subsequently, the membranes were probed with rabbit polyclonal anti-human actin, mouse monoclonal anti-human p53, or rabbit polyclonal anti-human p21 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h at room temperature or overnight at 4°C. After washing three times with TBST, the blots were incubated with horseradish peroxidase-conjugated secondary antibody for 1 h and washed with TBST three times. Antibody binding was detected with a pico enhanced peroxidase kit (ELPIS Biotech, Daejon, South Korea).

Reverse transcription (RT) and real-time PCR {#s4_5}
--------------------------------------------

RNA was extracted using RiboEX (GeneAll Biotechnology, Seoul, South Korea) according to the manufacturer\'s instructions. RNA (100 ng) from each sample was transcribed into cDNA using Prime Moloney murine leukemia virus reverse transcriptase (Genetbio, Nonsan, South Korea). cDNA amplification was performed using N-Taq DNA polymerase (Enzynomics, Seoul, Korea) in a MyCycler thermal cycler (Bio-Rad) using the following parameters: initial denaturation at 95°C for 2 min, and varying numbers of cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and elongation at 72°C for 30 s. An aliquot of each PCR product was subjected to 1% (w/v) agarose gel electrophoresis and visualized by ethidium bromide (EtBr) staining. Sequences of each forward and reverse complement PCR primer were 5′- TCA ACG GAT TTG GTCGTA TT-3′ and 5′- CTGTGG TCA TGA GTC CTT CC-3′ for human GAPDH; 5′- GAG CAG GCA AAT GTG CAA TA-3′ and 5′- GTC CGA TGA TTC CTG CTG AT-3′ for human Mdm2; and 5′- CCC TGG GTG TCC TA TTC AA-3′ and 5′- TGG CAT TTT GA GAG GAA GT-3′ for human cyclin D1.

For real-time PCR, FAM was used as the fluorescent reporter dye and conjugated to the 5′ ends of the probes to detect amplified cDNA with an iCycler thermal cycler (Bio-Rad) using the following parameters: initial denaturation at 94°C for 2 min, and 40 cycles of denaturation at 98°C for 10 s, annealing at 59°C for 30 s, and elongation at 72°C for 45 s. Each sample was tested in triplicate. Relative quantification of gene expression was performed using the comparative threshold cycle (CT) method. The CT value is defined as the point at which a statistically significant increase in fluorescence has occurred. The number of PCR cycles required for FAM intensity to exceed a threshold level just above background was calculated for the test and reference reactions. In all experiments, GAPDH was used as the endogenous control.

Fluorescence-activated cell sorting (FACS) analysis {#s4_6}
---------------------------------------------------

Trypsinized cells (1 × 10^6^) suspended in 0.2 mL of PBS and 0.2 mL heat-inactivated FBS were fixed by slowly adding 1.2 mL of ice-cold 70% (v/v) ethanol drop-wise with gentle mixing, and then incubating overnight at 4°C. The cells were washed and incubated in 1 mL propidium iodide (PI) DNA staining reagent (PBS containing 50 μg/mL PI, 50 μg/mL RNase A, 0.1 mM EDTA, and 0.1% \[v/v\] Triton X-100) on ice until analyzed. The cell cycle distribution was measured with a FACS Calibur apparatus (Becton Dickinson, San Jose, CA, USA). Data for 10,000 cells were collected in the list mode. The 488^th^ line of an argon laser was used to excite the PI, and fluorescence was detected at 615 -- 645 nm. The cell cycle of individual cells was studied using a doublet discrimination gating method that eliminates doublets and cell aggregates based on DNA fluorescence. The gate was calibrated to include hypofluorescent cells. Cells in the DNA histogram with hypofluorescent DNA were designated as apoptotic. All other cells had a normal cell cycle profile.

Genomic DNA isolation {#s4_7}
---------------------

Genomic DNA was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Briefly, the harvested cells were suspended in 1.0 mL of TRIzol reagent, quickly vortexed, and incubated at room temperature for 5 min. The mixture was added to 200 mL of chloroform, shaken vigorously by hand for 15 s, and incubated at room temperature for 3 min. The samples were centrifuged at 13,680 ×g for 15 min at 4°C, and the upper aqueous supernatant was discarded. The samples were then combined with 300 mL of 100% ethanol, mixed by inversion, and incubated for 3 min at room temperature. Next, the samples were centrifuged at 1,870 ×g for 5 min at 4°C, the phenol-ethanol supernatant was discarded, and pellets were washed twice with 1.0 mL of 0.1 M sodium citrate in 10% ethanol by incubating for 30 min at room temperature followed by centrifugation at 1,870×g for 5 min at 4°C. All samples were then re-suspended in 1.5 mL of 75% ethanol and incubated at room temperature for 20 min with intermittent mixing followed by centrifugation at 1,870×g for 5 min at 4°C. The pellets were then air-dried and dissolved in TE buffer (1 mM EDTA and 10 mM Tris-HCl \[pH 7.5\]). All DNA samples were stored at −80°C until further analysis.

Immunodot-blot assay for detecting AFB~1~-associated DNA adducts in the genome {#s4_8}
------------------------------------------------------------------------------

To assess the formation of AFB~1~-induced DNA adducts, mycotoxin-treated cells were subjected to an immunodot-blot assay using mouse monoclonal anti-AFB~1~ (6A10) antibody (Novus Biologicals, Inc., Littleton, CO, USA) raised against the open imidazole ring persistent form of the major N7 guanine adduct of AFB~1~. Briefly, heat-denatured DNA was dot-blotted onto a nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ, USA). The membrane was placed over absorbent paper pre-soaked with 0.4 N NaOH for 20 min at room temperature and then blocked overnight at 4°C with 5% skimmed milk in TBST. After multiple washes with TBST, the membrane was incubated with 6A10 antibody (diluted 1:10,000 in 5% skimmed milk with TBST) for 2 h at room temperature. The membrane was washed thoroughly with TBST, incubated with anti-mouse horseradish peroxidase-conjugated immunoglobulin diluted 1:5,000 in 5% skim milk with TBST (Enzo Life Science, Plymouth Meeting, PA, USA) for 2 h at room temperature, and washed with TBST three times. Antibody binding was detected with a pico enhanced peroxidase kit (ELPIS Biotech).

Statistical analyses {#s4_9}
--------------------

Data were analyzed using SigmaStat for Windows (Jandel Scientific, San Rafael, CA, USA). To compare two groups of data, Student\'s-*t* test was performed. To compare multiple groups, data were subjected to an ANOVA and pairwise comparisons were made using the Student--Newman--Keuls (SNK) method.
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:   murine double minute 2 homolog

p53
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:   cytochrome P450 3A4
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